The triggering system in pressure support ventilation needs to respond rapidly, especially in neonates. The aim of this study was to compare the effects of flow-triggered and pressure-triggered pressure support ventilation on neonatal mechanical ventilation using an animal model. Respiratory flow, airway pressure, oesophageal pressure, and diaphragmatic electromyogram were measured during pressure support ventilation in five anaesthetized rabbits. The animals were connected to a VIPBIRD (Bird, US.A.) (CPAP mode, pressure support ventilation, 5 cm H~ and PEEP 0 cm H 2 0). Flow-triggering sensitivity was set at O.2l1min, 0.5I1min, I.OIlImin, or 1.511min. Pressure-triggering sensitivity was set at -1.0 cm H 2 0. Shorter trigger delay and longer pressure support time were observed inflow-triggering. There was also less diaphragmatic activity inflow-triggering as evidenced by the amplitude of integrated diaphragmatic electromyogram and negative deflection of oesophageal pressure. The findings suggest that flow-triggering will prove superior to pressure-triggering in pressure support ventilation for neonates.
Patient-ventilator synchrony enhances patient acceptance of mechanical ventilation. Dyssynchrony results in barotrauma and increased work of breathing (WOB)i,2. Pressure support ventilation (PSV) for adults increases patient comfort and substantially decreases WOB J -9 because it has excellent synchrony. Conventional intermittent mandatory ventilation is still commonly employed for neonates and infants because of problems posed by PSv. A neonate has to produce enough negative pressure to trigger a ventilator through a narrow endotracheal tube, requiring more work for triggering. The time lag between inspiratory effort and demand flow delivery also impairs the effectiveness of PSV assistance. Consequently the performance of the triggering system is of paramount importance in PSV for neonates; the system needs high sensitivity and rapid response. Some researchers have reported that flow-triggered systems are superior to pressuretriggered systems in adults with regard to rapidly detecting inspiratory effort and of mmlmlzmg WOB 6 ,7,IO.'2. Flow-triggered systems have recently become available in PSV for neonates.
The aim of this study was to compare the sensitivity of a flow-triggered PSV (FT-PSV) with a pressuretriggered PSV (PT-PSV) in an animal model and to ascertain the effect on WOB. Diaphragmatic activity during PSV was also evaluated by measuring oesophageal pressure and diaphragmatic electromyogram (EM G).
MATERIALS AND METHODS

Animal Preparation
Five healthy adult New Zealand white rabbits (body weight: 2.7-3.2 kg) were anaesthetized with 25 mg/kg pentobarbital sodium, tracheostomized and intubated with a 3.5 mm internal diameter endotracheal tube ( Figure 1 ). The tracheostomy was performed following the infiltration of local anaesthetic (3-5 ml of 0.5070 lignocaine). After insertion of the endotracheal tube, the trachea was tied to prevent air leakage. Anaesthesia was maintained with intravenous infusion of pentobarbital (5-6 mg/kg/hour). Respiratory flow (V) was measured with a hot-wire flowmeter (ATD145, Minato, Osaka, Japan) at the proximal end of the endotracheal tube. The flow signal was fed to a microcomputer Respiratory flow CV) and airway pressure (Paw) were measured at a slip-joint. Oiaphragmatic EMG was directly recorded from a peripheral part of diaphragm. Two electrodes were placed on the diaphragm 0.5 cm apart along muscular fibres through a laparotomy incision. The integrated signals were defined as Edi. An oesophageal 35 mm length latex balloon was inserted transnasally to allow continuous measurement of oesophageal pressure (Pes).
(RM300. Minato, Osaka, Japan) and tidal volume was calculated by electrical integration. Airway pressure (Paw) was measured at the slip-joint of the endotracheal tube with a differential pressure transducer (TP603T, Nihonkohden, Tokyo, Japan). Diaphragmatic EMG was directly recorded from the diaphragm. Access to the diaphragm was made through a midline laparotomy after the infiltration of local anaesthetic (4-6 ml of 0.50/0 lignocaine). Two electrodes were placed on distal sternal part of the diaphragm, 5 mm apart along the muscular fibres, and the abdominal incision then closed. EMG signals were amplified, filtered to retain the 50-1,000 Hz band (AB601G, Nihonkohden, Tokyo, Japan), fully rectified and integrated by an integrator with a time constant of 100 ms (EI601G, Nihonkohden, Tokyo, Japan). This integrated EMG signal was defined as Edi to quantify electrical activity of the diaphragm.
A 35 mm long latex oesophageal balloon (TY 103U, Nihonkohden, Tokyo, Japan) was inserted transnasally to allow the continuous measurement of oesophageal pressure (Pes). The balloon was filled with 0.1 ml air and connected to a differential transducer (TP603T, Nihonkohden, Tokyo, Japan). The position of the balloon was checked by occluding the airway during several inspiratory efforts while making simultaneous recordings of Pes and Paw. V signal was amplified with an amplifier (AB620G, Nihonkohden, Tokyo, Japan). Paw and Pes signals were amplified with another amplifier (AR60IG, Nihonkohden, Tokyo, Japan). All data were recorded on a digital data recorder (PC208, Sony, Tokyo, Japan) and a thermal alley recorder (WS641G, Nihonkohden, Tokyo, Japan). 
Experimental Protocol
Control data were collected while the rabbits were breathing atmospheric air through an endotracheal tube without ventilatory circuits. After a control period of quiet spontaneous breathing, we randomly applied four flow-triggering sensitivities: 0.2 IImin (FO.2), 0.5 IImin (FO.5), 1.0 IImin (F1.0) and 1.5 IImin (F1.5), and one pressure-triggering sensitivity: -1.0 cm H 2 0 (Pl.O). Using the VIPBIRD (Bird, Palm Springs, CA, U.S.A.), we set the other ventilatory settings as follows: CPAP mode, PSV of 5 cm H 2 0, PEEP of 0 cm H 2 0, and Fi0 2 of 0.21. In flow-triggering modes we set the continuous flow at 10 IImin and flow termination criterion at 25% of the maximum inspiratory flow. All signals were recorded for 60 seconds after establishment of a steady state (5-10 min) during each condition. Between measurements, spontaneous breathing was allowed for 5 minutes to return the variables to the baseline. Ten consecutive breaths under the stable conditions were used for analysing trigger delays (To) and PSV support time (Ts). To was defined as the time lag from the beginning of diaphragmatic EMG to the point Paw exceeded 0 cm H 2 0. Ts was defined as the time lag from the movement Paw exceeded 0 cm H 2 0 to the termination of PSV ( order to compare them among the animals. After the measurement series were complete, the animals were returned to quiet spontaneous breathing to ensure there were no changes in their respiratory status.
Statistical analysis
The data are shown as mean ± SD. Comparison among different conditions was performed using oneway analysis of variance. When significance was observed, comparison of each setting was made employing Scheffe's multiple comparison test. Significance was accepted at a level of P<O.05. Table 1 shows respiratory parameters at each setting. Tidal volume (TV), minute ventilation (VE) and respiratory rate (RR) did not differ during the studies. Peak inspiratory flow rate (PIFR) during PSV was greater than during spontaneous breathing. Control: spontaneous breathing before the experiment series. P1.0: pressure-triggering sensitivity -1.0 cm H20. FO.2, FO.5, F1.0 and F1.5: flow-triggering sensitivity 0.2 lImin, 0.5 l/min, 1.0 lImin and 1.5 lImin, respectively. SB: spontaneous breathing after the experiment series. TV: tidal volume. V E : minute ventilation. RR: respiratory rate. PIFR: peak inspiratory flow rate. Figure 3 shows To and Ts under each condition. To in every FT-PSV condition was significantly shorter than that in the PT-PSV, while TS was significantly longer. To tended to be shorter and Ts tended to be longer at more sensitive flow-triggering settings.
RESULTS
Respiratory parameters
Trigger delay (TD) and PSV support time (Ts)
Some auto-triggering phenomena were observed with two rabbits at FO.5 and with three rabbits at FO.2. Figure 2 is a representative tracing of Paw, V, diaphragmatic EMG and Edi under five experimental conditions. All of the FT-PSV showed shorter TD, longer Ts and smaller amplitudes of Edi than the PT-PSV.
Data tracings
DISCUSSION
TD of the FT-PSV was less than that of the PT-PSV. Ts of the FT-PSV was longer. As a result, both %Edi and %Pes of the FT-PSV were significantly smaller than those of the PT-PSV. The FT-PPSV with longer Ts reduced WOB more effectively.
TD consists of two intervals: the time for pressure or flow to reach the true trigger threshold (TD-I) and the response time of the pneumatic system of the ventilator (TD-2). Flow change can be detected with the minimal pressure changes in the FT-PSV, while decompression of the ventilator circuit below the preset pressure trigger level is necessary to activate the ventilator in the PT-PSV, which is why TD-I is considered to be smaller in the FT-PSV. TD-2 is also considered to be smaller in the FT-PSV. In the present study, the ventilator in the FT-PSV supplies the continuous flow and modulates the expiratory valve to regulate the airway pressure, while the airway pressure is regulated by the inspiratory demand valve in the PT-PSV. Pressure and flow at the proximal airway are similar in both systems. It takes, however, more time to open the inspiratory demand valve in the PT-PSV than to control only the expiratory valve in the FT-PSV.
Sassoon demonstrated that flow-triggering provides a shorter time delay than pressure-triggering in a lung model study 1 I. Greenough has reported on various modes of patient-triggered ventilation in neonates and preterm immature infants, examining triggering by airway pressure, flow ' \ oesophageal pressure l4 and body movement sensor lS • Trigger delay was 80-260 msec in airway pressure-triggering ,s . '8 , 100 msec in flow-triggering ' 6 and 250-550 msec in body movement triggering 'S , '8. In the present study TD was 180 msec in pressuretriggering and 70-130 msec in flow-triggering, corresponding closely with the previous data. However, TD in this study was slightly longer because diaphragmatic EMG initiation, an earlier indicator, was used to determine the start of inspiratory effort. We chose diaphragmatic EMG to evaluate the trigger delay of the ventilator; Pes is not a suitable indicator of the initiation of inspiratory effort because it is disturbed easily by cardiac oscillation and by other artifacts. Diaphragmatic EMG is a more accurate indicator than Pes.
Anaesthesia and Intensive Care, Vo!. 23, No. 3, June, 1995 Greenough has insisted that synchrony in patienttriggered ventilation could only be achieved with minimal trigger delay. Their findings showed that failure of patient-triggered ventilation was most common in infants with a long trigger delay'6. In the present study good ventilator synchrony was observed in both systems, but shorter TD lengthened Ts and reduced WOB in FT-PSV. Our data support that TD is an important factor in determining the effectiveness of PSV.
With increased flow-triggering sensitivity, TD decreased and Ts increased, but auto-triggering was observed at FO.5 and FO.2 settings. The possibility existed that the ventilator detected cardiac oscillation, spontaneous movement, and some other noises as spontaneous efforts. It is important to select the most sensitive setting without auto-triggering. Pressure triggering sensitivity -1.0 cm H 2 0 is the most sensitive on the VIPBIRD ventilator. Because -1.0 cm H 2 0 is low for neonates, we chose only one pressure triggering sensitivity to compare with flow triggering.
In this experiment, Edi as well as Pes was used to evaluate the effectiveness of PSV. While they do not directly indicate WOB, they reflect the magnitude of the inspiratory effort. Increasing Pes and Edi indicate greater inspiratory efforts. Since ventilator assistance influences Pes readings, Edi is a more independent indicator and more accurately reflects inspiratory effort than Pes. Hence, both were measured in this study.
To quantify EMG activity we used a moving average technique, in which measurements were continuously averaged in overlapping time intervals l9 • In this method, the rectified and integrated EMG approximates to an average level over a preceding time interval, t, (commonly in the range of 50-200 ms). The averaging interval was set at 100 ms in the present study, because it has been found useful over a wide range of breathing rates l9 • Bigland and Lippold have shown that the tension during voluntary contraction was proportional to the integrated EMG of the contracting muscle under both isometric and isotonic circumstances 2o ,21. Lopata et al have demonstrated that quantitative assessment of diaphragmatic neural drive was possible by using the peak values of EdF 2 ,23. We, therefore, defined integrated diaphragmatic EMG as Edi and compared the peak values of Edi at different ventilatory settings.
There are a number of problems in monitoring diaphragmatic EMG. ECG noises are difficult to remove in signals from oesophageal electrodes. EMG of other muscles and many artifacts are apparent in recordings from surface electrodes. They may easily disturb the assessment of diaphragmatic EMG. Changes in posture also create artifacts in diaphragmatic EMG when recorded from intramuscular electrodes 24 • Such artifacts were related to shifts in regional conductivity around the electrodes produced by postural changes. We placed EMG electrodes directly on the peripheral part of the diaphragm through the abdominal incision to remove ECG and other EMG artifact. Because small electrodes were placed directly in the diaphragm, artifacts due to postural change were not likely to be picked up. Since OJoEdi and OJoPes returned close to the baseline values after all the settings, the electrodes appeared to function consistently throughout the experiment.
In conclusion, the performance of the triggering system is important for effective inspiratory support during PSV for neonate. Since TD was shorter and Ts was longer in the FT-PSV, less diaphragmatic activity was observed in the FT-PSV than in the PT-Psv. According to our animal model, flow-triggered PSV may assist inspiratory effort more effectively than conventional pressure-triggered PSV in neonatal mechanical ventilation.
